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(57) ABSTRACT

According to the invention, the high-frequency power
amplifier 1s characterised i1n that the power transistor is
switched 1n such a way that said transistor 1s operated 1n the
breakdown region and that a control loop i1s provided.
Charge carriers that are produced 1s the breakdown region

are carried away from an output of the operational amplifier
by means of said control loop.
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POWER AMPLIFIER AND A METHOD FOR
OPERATING A POWER AMPLIFIER

The invention relates to a power amplifier with at least
one power transistor.

The mvention furthermore relates to a method for oper-
ating a power amplifier which contains at least one power
fransistor.

Transistor amplifiers are used even at very high frequen-
cies When designing the circuit, it 1s known for consider-
ation to be given not only to the transistor characteristics at
high frequencies but also to the radio-frequency character-
istic of components and lines. All the complex four-pole
parameters of the transistor are thus taken mto account in
radio-frequency circuits.

It 1s furthermore known, when designing integrated
radio-frequency power amplifiers, for it to be necessary to
find a compromise between a high voltage resistance
(beakdown) and a high switching speed (high efficiency). If
it 1s intended to achieve good characteristics at low operat-
ing voltages, a high transit frequency 1s required, with a high
current gain.

The article “Impact-lonization Induced Instabilities in
High-Speed Bipolar Transistors and their Influence on the
Maximum Usable Output Voltage” by M. Rickelt and H.-M.
Rein describes that the breakdown characteristic of a bipolar
transistor depends on the doping and thickness of a collector
region of the transistor. The article furthermore describes
that a collector current I_. rises sharply as the collector-
emitter voltage V. rises (breakdown). Circuits for setting
quiescent currents 1n a transistor are known from Meinke,
Gundlach: Taschenbuch der Hochfrequenztechnik [Radio
Frequency Technology Manual|, 5th edition, Berlin,
Springer, pages F34-F35, 1992,

Furthermore, a radio frequency amplifier circuit using
power transistors 1s known from DE 35 86 368 T2. In this
known amplifier circuit, a path which conducts direct cur-
rent 1s provided between the operating potential source and
the reference ground potential, through a first transistor and
a second transistor connected 1n series. The operating poten-
tial of the source 1s 1n consequence split between the
transistors on the basis of the detect-current series path, so
that each transistor has an equal share of the direct current
power, while separate, parallel alternating current signal
paths are provided by each transistor, and are combined at
the output.

The mvention 1s bad on the object of providing a power
amplifier of this generic type, which has high gain. The
power amplifier according to the invention should preferably
have a transit frequency which 1s as high as possible.

According to the 1nvention, this object 1s achieved 1n that
a power amplifier of this generic type 1s designed such that
the power transistor 1s connected such that it 1s operated 1n
the breakdown region, and such that a control loop 1is
provided, by means of which charge carriers produced 1n the
breakdown are carried away from one output of the opera-
tional amplifier.

The 1nvention provides for a power amplifier with one or
more power transistors to be operated such that at least one
of the power transistors 1s 1n a breakdown region. The
breakdown region 1s designed such that the respective power
fransistor 1s not destroyed by 1it.

The mvention makes use of the fact that the gradient of
the collector current I_ 1s dependent on the auxiliary voltage
(bias voltage). A change in the source impedance of the bias
drive, 1n particular a low-impedance bias drive, considerably
reduces the rise in the collector current I, so that the
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2

operational reliability 1s improved considerably, even at high
operating voltages.

It 1s particularly advantageous to design the power tran-
sistor such that the control loop contains at least one
fransistor.

One particularly expedient embodiment of the power
amplifier, or of the method for 1ts operation, 1s distinguished
in that the transistor in the control loop 1s connected in
parallel with the power transistor.

It 1s particularly advantageous to design the power
amplifier, or to carry out the method for its operation, such
that the control loop has a long time constant 1n comparison
to a time constant for charge carrier multiplication, and
combination with at least one diode results in 1mproved
operational reliability in the breakdown region.

The subject matter of the invention i1s furthermore to
carry out a method for operation of at least one transistor
such that the transistor 1s operated at a constant operating
point I_.

In this case, 1t 1s advantageous for the operating point to
be set by means of a control loop. The loop gain of the
control loop 1s preferably kept low, 1n order to provide better
stability. If driven by radio frequency signals, a rise 1n a
mean quiescent current 1s expediently deliberately allowed.
This makes it possible for the power amplifier to operate
more efliciently at radio frequencies. For example, m the
case of a radio frequency drive, a rise 1n the mean base
voltage by, for example, 25 mV results 1n the collector
current rising by a factor of 2.7.

Further advantages, special features and expedient devel-
opments of the invention can be found from the dependent
claims and the following description of preferred exemplary
embodiments with reference to the drawings, 1n which:

FIG. 1 shows a circuit arrangement for quiescent current
adjustment, and

FIG. 2 shows an operational amplifier with a push-pull
output for low supply voltages.

The circuit arrangement 1llustrated 1in FIG. 1 1s preferably
a part of an integrated radio frequency power amplifier. The
circuit arrangement has a number of power transistors T1,
12, T3 and T4. The number of power transistors 1s variable,
and 1s expediently matched to the power gain to be achieved.

The power transistors T1, T2, T3 and T4 are connected
such that they can be operated in the breakdown region. The
quiescent current 1s largely independent of the breakdown
characteristic of the power transistors 11, T2, T3 and T4.

The power transistors T1, T2, T3 and T4 are preferably
high-speed bipolar transistors with a high gain and a high
switching speed. The power transistors 11, T2, T3 and T4
have a low breakdown voltage.

A preferred method of operation will be described 1n the
following text with reference to the circuit arrangement
illustrated 1in FIG. 1, by means of which method of operation
the transistors are operated in the region of moderate charge
carrier multiplication. The circuit arrangement 1s designed
such that the stability and reliability are increased in the
operating region of moderate charge carrier multiplication.

The power transistors T1 and T2 form a driver stage,
whose quiescent current 1s adjusted by means of a control
loop. The control loop comprises an operational amplifier
U1 with transistors T7, T8. The control loop also contains a
further transistor TS, which 1s operated as a “measurement
transistor” and provides a measure for the quiescent current
in the transistors T1 and T2.

The present concept results in a stable operating point
[ =CONSTANT via a suitable control loop, 1n particular via
a control loop which contains at least one operational
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amplifier. This operational amplifier has a complementary
output, 1n particular a push-pull output with NPN transistors
17, T8, and T9, T10, by means of which the bases of T7, TS
and T9, T10 are driven such that they have a low impedance.
In consequence Vg-={(V ), with the collector current I_

being constant. A range of output characteristics for which
[ =CONSTANT thus curves upward only at a higher V.

than would be the case 1f V;.=CONSTANT or
[, =CONSTANT. With I =CONSTANT, the 1nvention
approximates the ideal case of J.=0. The invention thus
provides for the drive condition I.=0, with which no power
amplification can be achieved, to be replaced by a condition
with which power amplification 1s achieved, but with the
conditions otherwise being largely the same.

The circuit preferably contains diodes D1, D2 which also
result 1n a low dynamic mternal resistance with a consider-
ably shorter time constant than that of the control loop, thus
improving the operational reliability in the breakdown
region.

The nominal value 1s preset by means of a control current
Ivon> Which 1s converted by means of a resistor R, to a
comparison voltage. In order to determine an actual value of
the current through the power transistors T1 and T2, the
transistor TS 1s connected 1n parallel with the power tran-
sistors T1 and T2. In the 1llustrated case, the emaitter surface
arca relationships are set such that the collector current
which flows through the transistor T35 1s less than the
collector current which flows through the power transistors
T1 and T2. Preferably, I (T1)=I_(T2)=6xI_(T5). The collec-
tor current I (TS) through the transistor TS is converted
across a resistor R, to a voltage, and 1s compared with a
nominal value. The control loop 1s closed by the operational
amplifier Ul.

Since the transistors T1, T2, TS5 are operated in the
breakdown region, their output family of characteristics
(FIG. 1) 1s curved upward. The increase in the curvature and
the point (VCE) at which the curvature starts are substan-
tially dependent on the internal impedance of the base drive
and on the absolute value of the collector current at the knee
voltage (small VCE).

However, since TS has a resistor R4 1n the collector line
while T1 and T2 do not, their output families of character-
istics are not the same (curvature and threshold voltage
different), since the collector voltage applied to T1, T2, TS
is not the same. (This could also be achieved by means of a
resistor R_=1/6*R4 1n the collector lines T1, T2; however,
this 1s deliberately avoided 1n order to avoid the efficiency of
the power amplifier being made worse.) The family of
characteristics for TS may, however, be matched by means
of a resistor R1 in the base line of TS to the family of
characteristics of T1, T2, as a result of which the I of T3 1s
an accurate measure of the I_1n T1 and T12; this 1s despite the
transistors being operated in the breakdown region (region
of the curvature in the output family of characteristics).

The curvature of the output family of characteristics 1s
shifted toward a higher V .- when the internal impedance of
the drive source of T1, T2 1s low, as close as possible to 0
Ohms. It 1s therefore expedient to use a special operational
amplifier Ul. One such operational amplifier U1 1s shown by
way of example 1n FIG. 2. The operational amplifier U1 has
a push-pull output T1, T2.

The main features of the operational amplifier arm opera-
tion at low supply voltages from 2.5 V, a low output
impedance, and a suitable output, 1n particular an NPN
push-pull output.

In order to further reduce the preferably dynamic internal
impedance of the control source T7, T8 for the bases of T1,
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12, a diode D1 1s connected 1n parallel with the bases T1, T2,
preferably via the center tap of the transformers. This
contributes to further increasing the stability.

The quiescent current adjustment of the output stage T3,
14 1s carried out using the same principle as for the driver
stage T1, T2; however, the currents are greater by a factor of
approximately 10 to 20.

The operational amplifier Ul whose fundamental prin-

ciples arm 1llustrated 1n FIG. 1 1s illustrated in detail in FIG.
2.

In order to improve the circuit characteristics further,
further transistors and resistors have been used 1n the

embodiment 1llustrated in FIG. 2a and FIG. 2b.
R3, R4, T7, T8 and RS, R6, 19, T10 1n FIG. 1 correspond
to R12, R16, T1, T2 in FIG. 2.

T5, R1 and T6, R2 in FIG. 2 correspond to TMT and R25
m FIG. 2.

The transistors T1, T2 and T3, T4 1in FIG. 1 are 1llustrated
as “marked double transistors” in FIG. 2 (on the right,
adjacent to R24).

The diodes D1 and D2 in FIG. 1 are not shown 1n FIG. 2.

The operational amplifier (OPV) has a reference network,
which can be switched off, for adjusting the OPV’s own

quiescent currents. The reference network comprises T27,
126, T25, 123, 124, T15, T16, R6, R7, R8 and generates a

current I, Which 1s largely independent of the supply
voltage (VCC). The circuit of the reference network is prior
art, and can be 1mplemented 1n a wide range of forms. The
reference network can be switched off by means of R1, R2,

132,131, R3, T30, R4, T28, RS, T29, T29 supplies a current
which 1s largely independent of VCC and which can be
activated by the power down input with a switching thresh-
old of 1.2 V. The collector current of T29 supplies the bias
current for the reference network. 1., 1S mirrored by
121, T17, T18 and T8, and 1s used further 1n scaled form.

The mverting mput of the OPV 1is the base of T13. The
non-inverting mput of the OPV 1s the base of T14. The
comparison voltages across the resistors R12 and R16
(I-Nom and I-Act) arm passed on via the emitter followers
T13 and T14, and the OPV core T12 and T11. Both ematter
followers T13, 114 carry a quiescent current of I, ,,¢,/2. An
output current 1s supplied to the base of T10, corresponding
to the difference input voltage at the bases of T11 and T12.
110 drives the base of the output transistor T1. The comple-
mentary path for T1 comprises T2, R20, T3, R19 and T4.

When the OPV supplies a positive output current, T1 1s
active. When the OPV supplies a negative output current, T2
1s active. T3 1s connected 1n cascade with T1. When the
current through T1 (and T3) is high, the high BE voltage
across T3 1in consequence reduces the base voltage of T4 and
hence of T2 (T2 is 1nactive).

Conversely, T2 becomes active (via T3, T4) and T1 is
inactive. This results 1n a stmple complementary output T1,
12, composed exclusively of NPN transistors. The cascade
voltage U____ of T3 1s produced by the network T8, TS, 16,
17, R22, R23, T9. C2 guarantees that T2 becomes active
carlier than T1 when the supply voltage 1s switched on. This
protects the RF power transistors (T1, T2 and T3, T4 in FIG.
2) against being destroyed when the supply voltage is
switched on, that 1s to say on power up.

C1 is used for frequency compensation of the OPV (prior
art). R18, D1, D2 improves the dynamic response.

R17 reduces the power-down decay time.

R9, R19, C3, T22, R11 form a simple voltage/current
converter for the nominal value preset I-NOM. The control
voltage 1s supplied at the “BIAS CONTROL” pin.

The output family of characteristics of the “measurement
transistor” TMT (in comparison to the output family of
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characteristics of T1, 72 and T3, T4 1 FIG. 2), which is

modified by R16, 1s matched by means of R25.
The circuit also contains further resistors R10, R14, R1S,

R17 and a transistor T19.

List of Reference Symbols

D1 Diode

D2 Diode

R3 Resistor

R4 Resistor

RS Resistor

R6 Resistor

RS Resistor

R9 Resistor

R10 Resistor

R11 Resistor

R13 Resistor

R14 Resistor

R15 Resistor

R16 Resistor

R17 Resistor

R18 Resistor

R19 Resistor

R20 Resistor

R21 Resistor

R22 Resistor

R23 Resistor

R24 Resisto

T1 Transistor

T2 Transistor

T3 Transistor

T4 Transistor

TS5 Transistor

T6 Transistor

T7 Transistor

T8 Transistor

T9 Transistor

T10 Transistor

T13 Transistor

T15 Transistor

T19 Transistor

T21 Transistor

T22 Transistor

T23 Transistor

T24 Transistor

T25 Transistor

T26 Transistor

T27 Transistor

T28 Transistor
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T29 Transistor
T30 Transistor
T31 Transistor
T32 Transistor
What 1s claimed 1s:
1. A high frequency power amplifier comprising:

at least one power transistor, in which the power transistor
1s connected such that it 1s operated 1n the breakdown
region;

a control loop, the control loop comprising at least one
operational amplifier; and

wheremn charge carriers produced 1n the breakdown are
carried away from one output of the at least one
operational amplifier.

2. The power amplifier as claimed 1n claim 1, 1n which the
control loop contains at least one transistor.

3. The power amplifier as claimed 1n claim 2, 1n which the
transistor in the control loop 1s connected 1n parallel with the
power transistor.

4. The high frequency power amplifier as claimed in claim
1, 1n which the control loop has a long time constant in
comparison to a time constant for charge carrier
multiplication, the power amplifier further comprising at
least one diode resulting 1n 1mproved operational reliability
in the breakdown region.

5. A method for operating a power amplifier, the power
amplifier including at least one power transistor, the method
comprising:

operating the power amplifier 1n the breakdown region;

producing charge carriers during operation of the power
amplifier 1n the breakdown region; and

carrying the charge carriers away from one output of the
operational amplifier.

6. The high frequency power amplifier as claimed 1n claim
2 1 which the control loop has a long time constant in
comparison to a time constant for charge carrier
multiplication, the power amplifier further comprising at
least one diode resulting 1in improved operational reliability
in the breakdown region.

7. The high frequency power amplifier as claimed 1n claim
3, in which the control loop has a long time constant in
comparison to a time constant for charge carrier
multiplication, the power amplifier further comprising at
least one diode resulting 1n improved operational reliability
in the breakdown region.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,791,411 B1 Page 1 of 1
DATED . September 14, 2004
INVENTOR(S) : Werner Simburger, Wilhelm Wilhelm and Peter Weger

It is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

Title page,
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Column 1,
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Column 4,
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